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ABSTRACT
Nonfunctional ribosomal RNA decay (NRD) is a novel quality control system
that eliminates defective ribosomal RNAs (rRNAs) from yeast cells. Plasmid-encoded
rRNAs containing single nucleotide substitutions in the peptidyl transferase center of 25S
rRNA or the decoding center of 18S rRNA are co-expressed with endogenous rRNAs in

Saccharomyces cerevisiae. Quantitative northern blots reveal the steady-state levels of
the resulting nonfunctional rRNAs are markedly decreased compared to wild-type
rRNAs . Furthermore, the decreased expression is not the result of defects in rRNA
transcription or processing, but instead is due to decreased stability of the mature,
nonfunctional rRNAs. Mutations in other functionally important rRNA regions were
investigated to determine the magnitude and scope of substrates recognized by NRD .
Finally, point mutations in intersubunit bridges (ISBs) were made to determine
differences between "functional" and "structural" mutations as they pertain to NRD.
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INTRODUCTION
The Ribosome

The ribosome is the most abundant macromolecular machine in the cell. This
impressive ribonucleoprotein complex is the main component in translation, the process
of protein synthesis. Translation is so important that in growing bacterial cells up to 80%
of the cell's energy and 50% of the cell's dry weight are dedicated to protein synthesis
(30).
The ribosome is composed of many complex interactions between ribonucleic
acid (RNA) and proteins (Figure I). Containing approximately 100 separate proteins and
three to four distinct strands of RNA, the ribosome is arguably one of the most intricate
cellular enzymes . Although ribosomes from prokaryotes and eukaryotes have some
differences , they are always composed of a small subunit (SSU) and large subunit (LSU).

In prokaryotes, the small (30S) subunit is composed of approximately 21 proteins and the
16S ribosomal Ri\lA (rRNA), which is approximately 1,540 nucleotides long. The
prokaryotic large (50S) subunit contains approximately 34 proteins, a 2,900 nucleotide
23S rRNA, and a 120 nucleotide 5S rRNA. In contrast, the eukaryotic ribosome is larger
and more complex. The eukaryotic small (40S) ribosomal subunit is composed of
approximately 33 proteins and a 1,900 nucleotide 18S rRNA. The large (60S) subunit is
composed of approximately 49 proteins, a 4,700 nucleotide 255 rRNA, a 160 nucleotide
5.8S rRNA, and a 120 nucleotide 55 rRNA. Although differences do exist between
prokaryotic and eukaryotic ribosomes, functional regions are conserved among all
ribosomes (30).
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subunit assembly is itself an entire topic of discussion (25), rRNA processing is the most
important topic for this study, which focuses entirely on the rRNA of the ribosome.
More than 170 factors have been implicated to function in ribosome biogenesis,
the majority of them associated with the maturation ofrRNA (6) . The large number of
proteins involved illustrates how necessary and complicated it is to create functional
ribosomes. rRNA syntheis begins with RNA polymerase I generating the large 35S
precursor that contains the sequences for the mature rRNAs (9). This precursor is
associated with the so-called 90S particles, pre-ribosome complexes of 35S pre-rRNA
and ribosomal and non-ribosomal protein factors (25).

Shortly after the 355 pre-rRNA is transcribed from its DNA template, it
undergoes pruning to an intermediate 33S and then a 32S molecule (Figure 2). The 32S
pre-rRNA and its associated protein factors are still known as the 90S particle. The 32S
pre-rRNA is then cleaved into two pieces, the 20S and 275 pre-rRNAs, which are now

part of the pre-40S and pre-60S particles, respectively. The 20S pre~rRNA is exported
from the nuel eus where it is finally processed. i nto the mature 1&S rRNA of the 40S
subunit. On the oilier hand, the 27S pre-rRNA is again cleaved in the nucleus to form the
7S pre-rRNA and mature 25S rRNA (Figure 2). The 7S pre-rRNA is then processed into
the mature 5.8S rRNA, and both the mature 5.8S and 25S are exported from the nucleus
to form the 60S subunit (25).
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f igure 2. Sc ernaric representation of rRJ"JA proc ssing and maturation. Modified from 0 5).

Many of the processing factors are associated with small nucleolar R "As
(snoRNAs),

W

rich help speci ficity in processing by positioning the enzymes on the pre 

RNA through base-pairing with specific sequences of the arget site (9).

urthermore, the

pre-60S and pre-40S subunit are ex orted independently from the nucleus, rather than as
a full y assembled ribosome ( 0 ) complex ( 13). It has also been sown t at fina
assembly of both t e pre-40S an pre-60S complexes ar completed in the cytoplasm (6) .
Tran Iati on
The function of the ribosome is translation, the synthesis of protein from a
messenger RJ A (mR1 1A) template. This process, known as translation. consists of three
distinct parts: initiation, elongation, and termination (Figure 3) . There are differences
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between prokaryotic and eukaryotic rans lation, ut we primarily focus on eukaryoti
procc ses in t .s stud y.
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of translation (30 ).

The first part of translation is called initiation. Eukaryotic mk] lAs hav e a unique
7-me thylguanosine 5 ' cap, which helps to r cruit the small subunit. Two GT P-b inding
proteins called eIF2 and eIF5B me diate the recruitm ent of the charged initiator transfer
RNA (tRNA , Met -tRJ'JAi

M el
, 0

the pept idyl -tkl IA (P) site of t e small subuni t. This

comp ex is re ferred to as the 43 S pre-initiation omplex . Recognition of the m Ri iA by
he pre-initiation complex i mediated by a protein complex oun d directl y to the cap,
eIF4F/B. eIF4F/B recruits the 43S pre- initiation complex t the mR l A through inter
ctions between efF4F and e1F3. After these interactions are form ed, the small subunit
scans downstream (5' to 3 ' ) on the rnRl fA ntil the start AUG codon is found. Correct
bas

airing between the start codon an t ie initiator tRNA triggers GT P cleavage

0

the

pre-init iation complex and r ' leases initi atio factors eLF _, e1F3, and eIF4B . A ' a resu 1.
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the large subunit is allowed to bind to the small subunit. The initiator tRNA is placed in
the ribosomal P site and translation elongation commences.
During elongation the anticodon of a charged tRNA, which is a tRNA with a
specific amino acid attached, base pairs with the three-base codon sequence of the mRNA
in the aminoacyl -tRNA (A) site of the ribosome. These aminoacyl-tRNAs are delivered
to the A site by elongation factor eEF-I a. Each codon encodes for a tRNA carrying a
specific amino acid. If the sequence homology between the codon and anticodon is
correct, GTP hydrolysis occurs , releasing eEF-1a, and elongation is allowed to occur.
During elongation a peptide bond is formed between the growing polypeptide chain on
the tRNA in the P site and the amino acid attached to the A site tRNA in the peptidyl
transferase center (PTC) of the ribosome by catalytic activity oftbe ribosomal RNA. The
growing polypeptide chain becomes attached to the tRNA in the A site. Next,
translocation, the movement of the ribosome along the mRNA by one codon, starts with
the binding of GTP-bound elongation factor eEF2 to the tRNA in the A site. GTP is then
hydrolyzed and, subsequently, the P site tRNA leaves the ribosome through the exit (E)
site, the A site tRNA moves to the P site, eEF2 dissociates, and the mRNA moves by
three nuc1eotides to expose the next codon. This process repeats itself until the stop
codon is reached (30).
When the stop codon is placed in the A site of the ribosome, a GTP-bound release
factor, eRF, binds in the A site. After eRF binds the A site, GTP is hydrolyzed, and the
polypeptide chain is cleaved from the P-site tRNA. The completed protein, tRNAs and
the mRNA are released from the ribosome, and the ribosome dissociates into its large and
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mall subunit. This process is called termination. The ri osoma subunits. tRl\.!As, and
mk.l TA are then rec yc ed and used again in other round

ftranslation (30) .

RI'\iA Quality Contro l

Trans ation involves three distinct classes ofRl'\lA molecules : rnlcl As, tR J ;A ,
and rRN . s. Because of the importance of translation, ce s av e qua ity control
pathways to ensure these RNAs are fun ctioning properly. Two pathways have been
iscovered that rid the cell of defective mR1\.! As (Figure 4). The most well understood
pathway i nonsense-mediated mRNA decay (NMD) .

is pathway inv olves a

mechanism that recognizes and degrades mRNAs that contain prem atu re stop codons.

Vhi e t e exact mechanism of degradation is not known, research has shown that the 'p f
protein is necessar ' for recognition of faulty

NA an recruitment of degradation

proteins (2).

Nonse nse Mediated mRNA Decay (NM D)

mR NA
top

ssu

Codo n_~~AA n

~
Stop
codon is
remature

Non- Stop m RNA Decay (NSD)

Fig ure 4. Examples of known mRNA quality control pathways. Top: In nonsense-media led mR.:.'\1A deca y

(. fMD), mRJ,'!As with a premature Slap codon are degraded. Bottom: n Don-stop mRl 'A decay ( TSD).
N"As

ith no "top codon are degraded.
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Another quality control pathway, non-stop mRNA decay (NSD), degrades
mRNAs without a stop codon. mRNAs lacking a stop codon are unstable in yeast and are
degraded by the exosome, a nucleic acid degradation complex, in a 3' - 5' manner (27).

tRNAs also undergo a number of quality control "checkpoints" before functioning
in translation . One of the most important quality control steps occurs during the
aminoacylation oftRNAs by aminoacyl-tRNA synthetases in the nucleus (11). These
aminoacyl-tRNA synthetases make contact with tRNAs over large areas, ensuring that
only mature tRNAs are aminoacylated. Correctly aminoacylated tRNAs are subsequently
exported to the cytopolasrn by the Ran-GTPaseJexportin-t complex. If aminoacylarion
does not occur in the nucleus, structural integrity oftRNAs is monitored by exportin-t
before their transport to the cytosol (11). Both aminoacylation and export are steps to
ensure only structurally intact and translationally active tRNAs are present in the cytosol.
Much less is known about rRNA quality control. This is due partly to the
complexity ofrRNA. However, some pathways proposed to be involved in rRNA quality
control have been recently discovered. In prokaryotes, a study of the effects of knockouts
ofpolynucleotide phosphorylase and RNase R showed that these proteins may function in
a quality control process that normally removes defective rRNAs as soon as they are
generated (4) . Additionally, a number of eukaryotic rRNA quality control pathways have
been proposed. One of these systems was determined to function in correlation with the
enzyme Dim 1P (15). Dim1P is responsible for dimethylation of the 3' end of the 18S
rRNA. The enzymatic activity ofDimlp is necessary for the function of the small subunit
under certain conditions, implying that the enzymatic activity may function as a key
quality control mechanism. Another study suggests that there is a quality control
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mechanism for 60S subunits before nuclear export to the cyto plasm (13 ). In thi s study it
was shown t at the 60

subunits requires binding to the shuttling factor ! MD3 . This

binding requires the 60S subunit to be correctly fo ded an d processed , and thus ma y serve
as a "structu ral proofreading" lement. Whil e uality control pathway for eliminating
erroneously proces ed rR As and ribosomes ap parentl y exist in both prokaryotes and

eukaryote (4 , 13. 15), these pathways do no address quality cont ro l of full y assem led
ribosom es.
Non functi onal

rR1~A

D ec a y (N RD)

A ovel east rR I '

quali ty contro system, nonfunctional rRN A decay (NRD):

rid the cell of defective rRNAs ( 16 . Point mutations were created starting in a sing e
opy rON: parent plasmid, pJV 12 (Fi gure 5) (26). Th ese mutations we re in the P C f
t e _5S rRJ"\JA (A245 1G. C2452 ,and U2585A) and the decodin g site (0 ) o f the 18S
1492C), with a 1mutations referred to by the E. coli

rRNA (G530U, U534G, and
numbering system (F igure 6 .

5 .85

••

l

U nique
sequence

\

tags

i

Amp)
"r a3 Or i /

Figure 5. Wild type plasmid pJ V12 used in this stud y as the starting point for mutations (26) . The
plasmid contains a single copy f yeast rDN A with unique sequence tags located in variable regions of the
an 25 5 rRJ 'As (12) . Th e plasmid also encod es proteins rat degrade ampicillin and produce uracil ,
which are used in selective me ia growth.
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The PTe and DS w re chosen because they are possibly the t\VO most
functional

significant parts of the ribosome. The PTe is the catalytically active part

t e ribosome and creates

0

peptide bond between a nev amino acid and the growing
t

olypeptide chain. The D is the part oft e ribosome involved in stabilizing the mR 1\
codon and tRNA anticodon so that correct base-pairing can occur. The mutated plasm ids
vere introduced into Saccharomyces cerevisiae, and R NA analysis was performed by
probing for unique sequence tags on the mutant 18S and 25S rRJ"'!A (3, 20). These unique
s quence ags were sma I stretc es of bases introduced in variable regions of the 18S and
2 - rRNA that did not alter ribosome function (12). In this way, the amount of p asmi 
derived mutant

S and 25S rRNA in vivo could be assessed in the presence flarge

amounts of chromosomally derived rR l 'As,

LJ534

U2585

A2451

· ..,....- p
__I V 
:

-TSA

~,

~

~

C2452

ant icodon
A35

Fig ure 6. Partia structure of the PTC and OS (l O, 22) . Le ft: PTC structure showing bases mutated in 6.
ydrogen on s

to

showing bases rnutat

a transition state analog (TSA) are indicated by dashed line ", Right : DS structure
in 16.

ositions of a partial codon and anticodon indicated by blue an
base ', respectively.
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rqu oise

Tar eted function -disrupting and co ntrol rutations were made in both the PTe
and DC . In the PTC,

245 1 and U2585 are universall y conserved, and in the OS, G530

and A 1492 are con erved in greater than 99% of all known species. r N

containing

these mu tation s display markedly decreas ed stea y-state levels (Figure 7). Th control
mutations do not show any signifi cant difference from the wild type. Thu s. the express ion
of mutant rRNAs is so me lO W down-regul ated in yeast.
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A number of other experiments were run to further investigate NRD. Phenotypic
analysis was performed to determine if mutant rR..t\JAs alone could support cell growth.
A yeast strain was used that only expresses endogenous rRNA when grown on glucose.

Growing this yeast strain on galactose results in shut-off of endogenous rRJ"\J"A
expression, so that the mutant plasmid-derived rRNA is the only rRNA present in the
cell. The experiment confirms that the expected non-functional mutant rRNAs were
incapable of supporting cell growth. An experiment was also performed to determine the
half-lives of the mutant rR...NAs. Decay of wild type 18S and 25S is undetectable in the
time frame of the experiment, but mature rRNAs containing PTe and DS mutations
exhibit half-lives of approximately 55 to 75 minutes (16).
To determine when the functionally deficient rRNAs were down regulated, an
experiment was performed to probe for pre-rRNA processing intermediates. Results
indicate that downregulation sterns from a large turnover of mutant rRNAs after
processing. Finally, sucrose gradient sedimentation was performed to assess the amount
of mutant rRNA assembled into subunits, monosomes, and polysomes. rRNAs containg
mutations of the 18S DS that show a large decrease in steady-state rRNA cofractionate
primarily with 80S ribosomes, while those rRNAs containing the 25S PTe mutations
cofracrionate primarily with the 60S subunit, These results suggest that defective
ribosomes containing mutations in functional areas of the 18S rRNA stall at or near the
initiation codon and are rapidly degraded. In contrast, defective 60S subunits containing
mutations in functional areas of 25S rRNA are degraded before 80S ribosome formation
(16). All together, these experiments show the existence of a rRNA quality control
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system in eukaryotic cells, and this pathway is dubbed nonfunctional rRJ'\l A decay

(1'.TRD).

Ribosomal Subunit Joining
Ribosome structure has become a hot topic of study for many biochemists. This
interest exists primarily because the structure of the ribosome shows a physical, direct
link to its function . X-ray diffraction data has given the most important information on
precise structural data of the ribosome (24,29,31). Comparisons of multiple x-ray
diffraction studies do prove effective and show a number of interesting mechanisms,
including that mRNA decoding is coupled primarily to the movement of the small
subunit body (29). X-ray diffraction data has also proved useful in determining exact
positions of ribosomal elements in a number of areas including the tRNA binding sites)
decoding center, and peptidyl transferase center (24).
High-resolution structural data from x-ray diffraction reveals specific interactions
between the two subunits oftbe ribosome (Figure 8). These so-called intersubunit
bridges (ISB) are interactions between any combination of RNA, protein, or both that
help hold both subunits of the ribosome together in the crystal structure. 'While the
proposed ISBs include hydrogen bonding and base stacking, no classical Watson-Crick
base-pair interactions have been observed (24). Moreover, the functional and structural
significance of these interactions in vivo is not very well understood.
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B1b

7a

Figur e 8. The posit ions of intersubunit bridges rSBs ) of the E co i ribos ome determined from X-ray
di ffraction at 3.5 . reso lution . Top: 30S subunit. Bottom: 50S subunit. Interaction: with Ri\A are colore
red . and interactions with protein are colored gold (24).
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Purpose of Project
My project was to continue investigating non-functional rRNA decay. The project
consists of two distinct parts. In the first part we asked the question "what constitutes a
non-functional ribosome?" Multiple mutations, including point mutations and multiple
base deletions and mutations, were made in various areas ofboth 18S and 25S rRNA.
These included additional mutations in the PTe and DS , as well as mutations in the
peptidyl-tRNA binding site (P-loop) to further investigate the effects ofNRD on rRNAs
containing mutations in functional areas of the ribosome.

In the second part, we set out to determine whether point mutations of ISBs would
exhibit similarly decreased steady-state rRNA levels in vivo . We focused on single point
mutations of RNA-RNA interactions in our study, and by comparing similarity in the
structure of bacterial and eukaryotic ribosomes we made mutations in proposed ISBs of
the eukaryotic ribosome. By comparing "functional" and "structural" mutations of the
ribosome we hoped to elucidate any mechanistic differences or similarities as they pertain
to 1\TR.D.

22

MATERIALS AND METHODS
NUSCELLANEOUSTECHNIQUES
Absorbance Spectroscopy
Absorbance spectroscopy, or optical density (OD), measurements were used to
determine yeast and bacterial culture growth as well as RNA and DNA concentrations.
The relative amount of cells in bacterial and yeast cultures were determined by taking OD
readings at 600 om of light (OD 600). The concentration of DNA in a sample was
determined by taking readings at 260 nm of light (OD 260) and multiplying the resulting
OD by 50 uglmL of double-stranded DNA. The concentration of RNA was determined
by measuring the OD 260 and multiplying the resulting OD by 40 ug/ml, of RNA. In all
cases the spectrophotometer was blanked with ultra-pure distilled water.

Bacterial Transformation

E. coli strain XLI blue was used for all bacterial transformations. In a 1.5 mL
tube on ice, 1 uL of 0.5 - 1.0 gIL plasmid DNA was added to 50 uL of competent cells.
The tubes were incubated on ice for 5 min, heated to 42°C for 30 sec, and then incubated
on ice for an additional 5 min. 500 uL of LB was added to each rube. Tubes were then
incubated :in a shaker at 37°C for 30-60 min . 200 uL of each transformation mixture was
plated on LB-Ampicillin (0.1 rng/ml, Amp) plates and incubated at 37°C overnight.

Yeast Transformation
Transformations were done as previously described w ith slight modifications (8).
5 rnL of yeast were grown for each transformation . The culture was grown to an OD 600
of 0.5-1 .0 and cells were collected by centrifugation for 3 min at 3,500 rpm. Cells were
resuspended in 240 ul of 50% polyethylene glycol, 36 uL of 1M lithium acetate, and 10
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ul of 10 mglmL salmon sperm DNA. Salmon sperm DNA was initially pre-heated to
95°C for 10 min and then cooled on ice. Resuspended cell mixture was added to 1.5 mL
tubes containing 0.5 - 2.5 ug of plasmid DNA. Each rube was incubated at room
temperature for 30 min. Tubes were then heated in a 42°C water bath for 15 min. Cells
were immediately collected by centrifugation for 3 min at 3000 rpm and resuspended in
500 uL of uracil drop out medium (Ura'), The entire cell mixture was spread on Ura'
plates and grown at 30°C for about 5 days, and colonies were picked and re-struck on
new Ura' plates for analysis.
Plasmid Purification
5 mL starter cultures of strains were grown in 50 mL conical tubes shaking

overnight at 37°e. The cultures were diluted 1/500 in LB-Amp (0.1 mglmL) medium.
100 mL of cuJture was inoculated for midi preps, and 25 mL of cuJture was inoculated for

mini preps. Plasmid DNA was extracted using either a Qiagen midi or mini-prep kit
following the manufacturer's protocol.

Yeast RNA Extraction
RNA was extracted as previously described with slight modifications (14). A 5mL
culture of each transformed yeast sample was grown to 0.5-1.0 OD 600 in a 50 mL

conical tube. Cells were collected by centrifugation at 3,500 rpm for 3 min. Pellets were
washed with I mL of AE buffer (50 roM sodium acetate, 10 mM EDTA, pH 5.3) and
recentrifuged as above. Pellets were resuspended in 400 uL AE buffer and transferred to
a 1.5 mL tube. 50 uL of 10% SDS was added to each tube and tubes were vortexed twice
for 10 sec. 500 uL of phenol/AE buffer was added to each tube and the solution was
vortexed twice for 10 sec. Tubes were then incubated at 65°C for 4 min. Following
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incubation tubes were put on dry ice for 1 min and then allowed to thaw at room
temperature. Tubes were then centrifuged for 6 min at 14,000 rpm to separate aqueous
and organic layers. The aqueous phase was transferred to a new 1.5 mL tube and
extracted once with phenoVchJoroform/AE buffer and once with chloroform. The
aqueous phase was then transferred to a new 1.5 mL tube and 1 rnL of 100% ethanol, 50
uL of 3M NaOAc (pH 5.3), and 1 uL of 5 mg/rnL glycogen was added to each tube.
Tubes were incubated at -80°C for 1 bour or overnight. RNA was then precipitated by
centrifugation for 15 min at 14,000 rpm. The RNA pellets were washed with 200 uL of
70% ethanol and rubes were recentrifuged as above. The supernatant was removed and
RNA pellets were air dried., and then resuspended in 50 uL of distilled water.

EcoRI Digestion
500 ng of plasmid DNA was incubated with 10 units of EcoRI inl

°

uL of distilled

water. Digestion reactions were incubated at 37°C for 2 hours. A 1% agarose gel was
used to separate DNA fragments by electrophoresis. A photograph was then taken of
banding patterns on a UV transilluminator.

SITE - DIRECTED MDTAGE1\f£SIS
Primer Design
Mutagenic DNA primers for point mutations, multiple-base deletions, or multiple
base mutations were designed within the criteria of the Quick.Change TM Site-Directed
Mutagenesis Kit (Stratagene). The exact sequences for the mutagenic primers were
determined by comparing secondary structure sequence maps of E. coli and S. cerevisiae
rRNAs. Secondary structure maps were obtained from the Gutell Comparative RNA
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Website (www.ma.icmb.utexas.edu). Specifically, 28-30 base pair forward and reverse

primers were designed with the base(s) to change located near the middle of the primer.
Also, primers were designed with a GC content between 39.3% and 60.7% and a melting
temperature (Tm:) between 69.9°C and 78.7°C. T m was determined by the equation
T m = 81.5 + 0.41 (%GC) - (675/N) - % mismatch
where N is the primer length in base pairs. Primers were then ordered from Integrated
DNA Technologies (IDT).

Mutagenesis Reactions
Mutated plasmids were created using the protocol described in the
QuickCbange™ Site-Directed Mutagenesis Kit (Stratagene) (Figure 9). A peR tube
containing 100 ng of template pN12 was used for each mutation. 5 uL of lOX Pfu
TurboTM buffer, 1uL of 10 uM forward primer, 10 uL of 10 uM reverse primer, 5 uL of 2
roM dNTP mix, 36 uL of distilled water, and 1 uL of 2.5 units/uL Pfu Turbo™ enzyme
was added to each tube. Tubes were placed in a thermocycler and the following cycling
protocol was performed.

Temperature
Step 1
Step 2
Step 3
Step 4

96°e
96°e
60°C
68°e

Step 5
Step 6

repeat steps 2-4 18 times
68°C
4°e

Time
1 min
50 sec
50 sec
30 min
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Dpn 1 T re a t ment
In order to ernove the template plasmi (plV }2) and revent it from transforming
ell . the mutagenesis reaction was treated wit the restriction endonuclease Dpn . 10
ul of each reaction was transferred to a new .5 rn tube containing 1 il of Dpn 1. Th e
reaction was t en incu ated at 37 °C for 2 hours and then froz en at -20 0C .

Transformation and DNA E xt r action
£. coli was transformed s abov with 2 L of Dpn I treated reaction mixture, and
ells were plated on LB-Tetracycline-Amp (0.125 rng m L Tet, O. mg/rnl,
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mp) plates.

Colonies were grown at 37°C overnight and used to inoculate 5mL cultures for plasmid
DNA isolation as described above.

Big Dye" Sequencing Reactions
To ensure that the desired mutations were actually made by site-directed
mutagenesis, sequencing using Big Dye™ v. 3.1 (Applied Biosciences) was performed
on the area of the intended mutation . Sequencing primers complementary to a region 50
150 base pairs upstream of the target mutation were used. 1.3 ug of plasmid DNA was
added to a new peR tube. 4 uL of terminator ready reaction mixture, 2 uL of 5X
sequencing buffer, and 3.2 pmol of sequencing primer were added to each tube and
diluted to a total of 20 uL with distilled water. Tubes were placed in a thermocycler and
the following cycle sequencing protocol was performed.

Temperature
Step 1
Step 2

96°e
96°C

Step 3
Step 4

50°C
60 0 e

Step 5
Step 6

repeat steps 2~ 25 times
4°C
4°e

Time
2 min
10 sec
5 sec
4 min
.
_? rnm

hold

The sequencing primers were isolated from the reaction mixture by pre-made
Sephadex columns from Applied Biosciences (AB!) . Columns were hydrated by adding
800 uL of distilled water. The cap was then replaced and the column was hydrated by
vortexing briefly. The column, sta -rting upright, was then allowed to hydrate for 30 min.

Air bubbles were removed by inverting the column and sharply tapping, then standing the
column upright and allowing the gel to settle. The column was then centrifuged at 750
rpm for 2 min in a 1.5 mL collection tube to remove the remaining interstitial fluid. 20 uL
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of the completed cycle sequencing reaction mixture was added directly to the center of
the gel bed. The column was placed into a new 1.5 mL collection tube and centrifuged
at 750 rpm for 2 min. The collected sample was dried completely by vacuum
centrifugation and stored at -20 o e until sequencing. Sequencing of samples was
performed in the Colby College sequencing facility on an ABI Prism sequencer.

NORTHERN BLOT ANALYSIS
Transformation, Culture Growth, and RNA Extraction
Northern blot analysis was performed as described in Figure 10. Plasmids of
interest were transformed into a Mad.S2 yeast strain, YML032c (19), as described above.
Cultures were grown and the rRNA was extracted as described above.

Denaturing Formaldehyde Gel Electrophoresis
A 2.5" x 4", 8-lane 1% denaturing agrose/formaldehyde gel was prepared. After
0.5 g of agarose was dissolved in distilled water by heating in a microwave oven, the
solution was cooled until it could be handled. 5.5 mL of lOX MOPS and 10 mL of 12.3
M formaldehyde was then added. The gel was allowed to cool and solidify and then the
gel was submerged in IX MOPS. 5 uL of diluted total RNA (5 ug/mL) was mixed with
2X formaldehyde loading dye and the entire sample was loaded into the gel. The gel was

run at I OOV until the fastest-running dye was approximately % down the length of the gel
to

achieve good separation between 18S and 255 rRNA (approximately 2

~

hours).

Transfer to Nylon Membrane
RNA from the denaturing formaldehyde gel was transferred

to

a nylon membrane.

Eight sheets of fiJter paper were cut to the size of the gel, as was one nylon membrane
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~ ..\

lev is.

and a piece of filter paper the same width as the gel but five to ten times longer to be used
as a wick. 2 L of a 5X SSC/1 0 mM NaOH solution was poured into a glass reservoir.
The top end of the denaturing gel was removed by slicing through the wells with a razor
blade. A small notch was cut out of the upper right hand comer of the gel and the nylon
membrane for orientation purposes. The filter paper, wick, and nylon membrane were
pre-wetted in the solution. A stack of paper towels taller than the glass reservoir were cut
to roughly the same size as the gel (or a little larger). Five pre-wetted pieces of filter
paper were stacked on top of the paper towels, using a plastic pipette to roll out any air
bubbles. The nylon membrane was then placed on top oftbe filter paper, again rolling
any air bubbles with a pipette. The gel was then placed face-up on the nylon membrane,
with notches aligning, and air bubbles were again rolled out. The three remaining pieces
of filter paper were placed on top of the gel, smoothing out air bubbles. Finally, the wick
was placed

OD

top of the filter paper and submerged in the SSC solution. The gel-casting

tray was then placed on top of the wick as a weight, and the RNA was allowed to transfer
overnight The next day, the transfer stack was disassembled and the nylon membrane
was allowed to air dry.

UV-Crosslinking and Methylene Blue Staining
After the membrane was dry, it was wrapped in plastic wrap . The membrane was

then placed in a UV-crosslinker (Fisher Scientific) and subjected to crosslinking
following the manufacturer's protocol, The membrane was placed in a plastic dish and
covered in methylene blue stain. The dish was placed on a shaker and allowed to shake
until rRt\JA bands were visible (approximately 10-15 minutes). The membrane was
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washed twice with distilled water for ten minutes and then air dried. It was then wrapped
in plastic wrap and scanned.

5' End Primer Radiolabeling
2.5 uL of lOX polynucleotide kinase (p1',TK) buffer, 5 uL of y}2p _ ATP, 1 uL of

PNK, 11.5 uL of distilled water, and 5 uL of 10 uM primer(s) were added

to

a 1.5 uL

tube. The reaction mixture was incubated at 37°e for 30 min. 3 uL of 3M NaOAc and
90 uL of 100% ethanol were then added to each tube. Tubes were then incubated at
-20°C for I hour or overnight. Labeled primers were precipitated by centrifugation at
14,000 rpm for 15 min. The sample was washed with 30 uL of 70% ethanol and then
precipitated as above. Labeled oligomers were air dried and resuspended in 50 uL of
water.

Membrane Probing
A Hy-Roller">' hybridization oven was preheated to 3 T'C. The membrane was

placed in a medium-sized Hy-Rollerf?" vial. 5 mL of Expressl-lyb">' hybridization
solution (Clontecb) was added to the vial. The membrane was rotated on medium speed
in the preheated hybridization oven for at least 30 minutes at 37°C. 20 uL of radiolab led
oligomer(s) was added to the vial and the membrane was hybridized overnight at 37°C.
The membrane was then washed as described below and put on a phophorimager plate
overnight.

Membrane Washing
After annealing, the membranes were washed at 25°C to remove unbound
radioactive oligomers. The membrane was washed briefly with 5 mL of 2X sse and
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0.05% SDS. The membrane was then washed twice with 5 mL of2X sse and 0.05%
SDS in the hybridization oven at 25°C for 15 min with medium-speed rotation. The
membrane was then washed twice with 5 mL of O.IX sse and 0.1 % SDS in the
hybridization oven at 25°e for 15 min with medium-speed rotation.

RNA Quantitation
After the phosphorimager plate had been exposed to the membrane for the
appropriate amount of time, the plate was scanned by a Storm 840 phosphorimager
(Molecular Dynamics). The intensity of the 18S, 25S, and Scrl (intemalloading control)
bands were quantified using ImageQuant1M software. The amount of 18S and 25S rRNA
relative to the wild type (pJV12) was calculated using the intemalloading control (Serl)
band (7).

PHENOTYPIC ANALYSIS
Plasmids were transformed into a RNA polymerase I temperature-sensitive yeast
strain (NOY504) as described above (21).5 mL cuJtures were grown to approximately
1.0 OD 600 in 50 mL conical tubes. Three 1:5 serial dilutions were created from each
culture. Grids were made on Ura' plates, and 5 uL of each dilution was plated in the
appropriate place on the grid. Plates were grown at 25°e and 34°e until a few colonies
could be clearly seen in the largest dilution oftbe wild type. Plates were then scanned
(Figure 11).
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Culture Preparation and Ultracentrifugation
Cycloheximide was added to each 80 mL culture to a final concentration of 0, I
mg/ml., and each culture was cooled on ice for approximately 20 min, 10-50% sucrose
gradients were gently turned upright and allowed to equilibrate for at least 30 min prior to
ultracentrifugation, The ultracentrifuge was pre-chilled to 4°C Cells were collected from
the 80 mL cultures by splitting into two 50 mL conical tubes per culture and centrifuging
at 3,500 rpm for 4 min. The supernatant was discarded and cells were resuspended in 2.5
ml, of chilled lysis buffer twice. The cells were then resuspended in 0.7 mL lysis buffer

and transferred to 1.5 mL tubes. Approximately 2/3 volume of chilled glass beads (0.45
- 0.55 rnm) were added and the tubes were vortexed on maximum for 20 seconds and
cooled on ice for 100 seconds four times. Tubes were then centrifuged at 4,700 rpm and
4°C for 5 min and the supernatant was transferred to new 1.5 mL tubes. These new tubes
were then centrifuged at 9,500 rpm and 4°C for 5 min and the supernatant was again
transferred to a new 1.5 mL tubes. The final volume was brought to 1 mL and
approximately 0.8 mL was loaded per gradient. Tubes were-placed in centrifuge buckets
and balanced within 0.1 g. Tubes were then ultracentrifuged at 35,000 rpm and 4°C for
160 min in the SW41 rotor (Sorvall).

Fraction Collection and Polysome OD Curve
To obtain a OD 260 curve of the gradient fractions, a separate wild type culture
was used for RNA concentration determination, 200 uL fractions were added to tubes
containing 800 uL of distilled water and were used to determine Ri'\lA concentration.
Data points were plotted in Microsoft Excel to determine which fractions contained 40S,
60S, 80S, and polysome rRt"\1A. For all other cultures, 1 mL fractions were taken by
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pipetting and collected in 1.5 mL tubes. Fractions were frozen at -80°C until ready to be
used for RNA extraction.
RNA Extraction and Northern Blotting
At the time of RNA extraction, a solution of 2 mg/ml proteinase K in 10% SDS
was made. 50 uL of proteinase K solution was added to each 1 mL gradient fraction.
Tubes were vortexed and then incubated at 37°C for 45-60 min . Then 500 uL of
phenol/chloroform!AE buffer was added to each tube and vortexted twice for 10 sec. 900
uL of supernatant was transferred to a new tube and 10 ug of glycogen and 600 uL

isopropanol was added . Tubes were then incubated at -20 o e for 15 minutes. RNA was
then pelleted by centrifugation at 14,000 rpm and 4°C for 15 min. Isopropanol was then
decanted, RNA pellets were washed with 1 mL of 70% ethanol , and tubes were
centrifuged for 14,000 rpm and 4°C for 15 min . Ethanol was then decanted and tubes
were again centrifuged at 14,000 rpm and 4°e for 15 min. Any remaining ethanol was
removed by pipetting and the pellet was air dried. The RNA pellet was resuspended in
10 uL of distilled water and northern blotting was performed as above except that one
large gel with two 24--lane combs was used.
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RESULTS
PART I - "FUNCTIONAL" MUTATIONS
Overview

Mutations were made in the PTC, DS, peptidyl-tRNA binding site (P-Ioop), and
ISB B2a before I began my work on the current project. All mutations except the one in
ISB B2a were made to determine whether NRD is triggered by different mutations in
functional regions oftbe ribosome. All mutations are referred to by the E. coli numbering
scheme although the actual mutations were made in regions analogous in S. cerevisiae
rRNA. Naming consists of two parts , the part before the colon defining the area of
mutation (18S or 25S), and the part following the colon describing the specific point
mutation or name of a multiple base mutation. Three mutations in the P-loop shall be
referred to as 25S:P-loop, 25S:G2250A, and 25S ;G2251A. 25S :P-loop is a multiple base
mutation at positions 2250-2254, specifically GGGGC -7 CCCCU. 25S:G2250A and
25S :G2251A were specific point mutations in the P-loop. 25S :C2269U was a point
mutation created as a general 25S mutation control. 25S:U2584G was a point mutation
created in the PTC. 18S:A1408U was a point mutation created in the DS. Finally,
25S:ISB I was a multiple base mutation of bases

1913~1920

in ISB B2a., specifically

ACUAUGAC -7 CUUAlruCA. This mutation is in a "structural" region of the
ribosome and the following analys is led us to further pursue other "structural" mutations
created in part 2.
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Phenotypic Analysis
To determine if mutant rRNA could support cell growth, phenotypic analysis was
performed on strains expressing each of the rRNAs containing "functional" mutations or
wild type rRNAs from plasmid pN12 (Figure 13). All strains grew equally well at 25°C,
where endogenous rRNA was expressed in growing yeast cells. TIlls shows that none of
the mutations are dominant lethal under these expression conditions. Dominant lethality

in this experiment is defined as the lack of cell growth in the presence of mutant and
endogenous rRNAs. However, when strains were grown at 34°C, where endogenous
rRNA expression is turned off, certain cultures did not grow well. These mutations were
25S :P-loop, 25S :G2251A, 25S :U2584G, 18S:A1408U, and 25S:ISBl. The lack of
growth implies that all oftbese mutations were recessive lethal, which is the inability of
mutant rRNA to support cell growth on its own. The strains expressing point mutations
25S:G2250A and 25S :C2269U as well as the wild type pJV12 grew well at 34°C and
were therefore not recessive lethal , implying functionality was not affected by these
mutations .
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N orthern Blot Analysis
To determine the relative amounts of steady-state mutated rRNA expressed in

vivo, northern blot analysis was performed on RNA extracted from yeast transformed
with one of the mutant plasmids or the wild type plasmid pN12 (Figure 14). Amounts of
plasmid-derived rRNAs were determined by probing for unique sequence tags in variable
regions of the 18S and 25S rRNA. Analysis showed that the mutation in the DS,
18S:A1408U, had a large decrease in steady state l8S rRNA levels. The quantitation
showed about 60% of wild-type expression levels, but we believe that this value is
misleading and should be smaller because of a poor signal for the loading control, Serlo
Similarly the PTC mutation, 25S:U2584G, showed a very large decrease in steady state
25S rRNA levels. Quantitation showed that the amount 0[25S rRNA present in vivo was
less than 10% of that found in the wild type. Steady-state level decreases were less
pronounced in P-loop mutations. 25S :P-Ioop and 25S :G2251 A showed about 40% and
70% of wild-type rR.i~A expression, respectively. 25S:G2250A and the contra]
25S:C2269U showed expression similar to wild type. Finally, the ISB B2a mutation
25S:1SB 1 also showed a drastic reduction in 255 rRNA expression, which was
approximately 10% of w ild type. This result is what let us to pursue other ISB mutations
in part 2.
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Phenotypic Analysis
To determine if rRNAs containing mutations in "structural" areas could support
cell growth, phenotypic analysis was performed on strains expressing each of the mutant
rRNAS or wild type rRNAs from the wild type plasmid pN12 (Figure 17). All
mutations and pJV 12 grew equally well at 25°C, implying that mutations are not
dominant lethal. When grown at 34°C, turning off endogenous rRNA expression, certain
strains expressing mutant rRNAs did not grow well. These mutations were I8S :A1483T
and 25S:C1947G oOSB B3 and 25S :A1848T ofISB B711, implying that strains

expressing these mutations were recessive lethal, which means they cannot support cell
growth on their own . It should be noted that 25S : C1947G grew better than the other
recessive lethal mutations. I8S:A 1418T grew like wild type, implying that it is not
recessive lethal.
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DISCUSSION
Very little is known about the mechanisms ofNRD. This project was an attempt

to learn more about this novel rRJ"\1A quality control system. Primarily, the project
compared the effects of Nk.D on "functional" and "structural" mutations within yeast
ribosomes, This project is the first study to assess the effects of Structural mutations in
this rRNA quality control system. The results have given more evidence for the
existence ofl\TRD and have shown NRD is active against rRJ"\1As containing mutations in
a wide range of functional and structural regions.

Results show tbat mutations in functionally important regions ofrRNA display
drastically decreased steady-state levels of rRNA. This implies again that there are one or
more systems that are responsible for removing translationally inactive rRNAs from
eukaryotic cells. The most drastic reduction of mutant rRNA steady-state levels occurred

in mutations of the PTC and DS, which are arguably the

mo~t

functionally important

regions of the ribosome. Mutations in the P-loop showed only moderate reductions in
mutant rRNA steady-state levels . Therefore, NRD most likely targets ribosomes or
ribosomal subunits for degradation that which are more translationally deficient.
Mutations in the P-loop presumably do Dot disrupt ribosome function as much as
mutations in the PTC and DS and are therefore targeted for degradation by NRD at a
slower rate.
Furthermore, analysis of functional mutations showed that many mutations are
recessive lethal. In the terms of this project, recessive lethality means that cells cannot
support cell growth when only plasmid-derived mutant rRNA is expressed. While
phenotypic analysis alone cannot directly show that the functionality of ribosomes is
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impaired, it does imply that functional ribosomes are not synthesized with some of the
mutant rRNAs .
Finally, polysome analysis shows that for rRNAs containing the functional
mutations investigated in this study, only those of the PTC and DS have trouble forming
nbosomes and translationally active polysomes. However, more work is needed to
determine precisely if these mutant rRNAs cofractionate primarily with free subunits or
the ribosome. This will have major consequences regarding our understanding ofNRD.
As for structural mutations, some ISB mutations also result in a dramatic
reduction in steady-state rRNA levels. This shows that there is a quality control pathway
for ridding the cell of structurally deficient rRNAs and implies that rRr"JA with mutations
in structural and functional areas may be degraded by similar mechanisms. It also shows
how the disruption of the interactions of one nucleic acid, whether hydrogen-bonding
interactions such as those in ISB B3 or base-stacking interactions such as the one
proposed in ISB B7a, can drastically alter the stability of the ribosome. However, at this
time we cannot rule out the possibility that these mutations resulted in other structural
perturbations which disrupted the structure of free subunits prior to subunit joining.
Phenotypic analysis similarly shows that some of these ISB mutations can be recessive
lethal. Most importantly, the ISB mutations that showed a drastic reduction in rRNA
steady-state levels also could not efficiently form ribosomes .or translationally active
polysomes. Similar results were seen for PTC and DS mutations in the previous study.
Additionally, structural mutations of the I8S rRNA fractionate primarily with the 40S
subunit, and those of the 25S rRNA fractionate with the 60S subunit. However, more
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work must be done on these fractionation studies to specifically determine the final point
that a mutated rRNA reaches before it is degraded by NRD.
Giving strength to our analysis of ISB muations, recent studies have also shown
that similar ISBs and single bases are necessary for E. coli subunit association in vitro (18,
23). It has been proposed that five ISBs that are more central by their proximity to the
PTC and DS are the most structurally important interactions that hold the two ribosomal
subunits together during translation. These ISBs (B2a, B2b, B2c, B3 and B7a) are
responsible for greater than 80% of all intersubunit contacts, and are all composed of
RNA-RNA interactions (18). Other protein-RNA interactions in less central ISBs are
proposed to break and reform as a result of the ratcheting motion of the ribosomal
subunits during translation. By modifying the N 1 position of A 715, A 1912, and A 1918
in ISB B2a of the large subunit, one study determined these disruptions to be detrimental
to ribosome formation (18). Similarly, by modifying the Nl position of A 702 (B7a),
A1418 (B3), and Al483 (B3) and the N3 position ofU793 (B2a) and U1495 (B2b), the
study concluded that these bases, and corresponding ISBs, are essential for stable
ribosome formation (23). In the current study, we created point mutations at A 1418 and
A1483 ofISB B3 , A1848, which interacts with A 702 in B7a, as well as multiple-base
mutations in bases 1913-1920 ofISB B2a. Our analysis of these mutations showed a
striking correlation with the necessity of these bases and ISBs to form a stable ribosome.
By comparing functional and structural mutations in this study, we are left with a
rough view of when and bow NRD occurs. Because structural mutations fractionate with
their respective subunits, as well as 25S functional mutations fractionating with the 60S
subunit, one hypothesis is that NRD occurs before or upon 80S ribosome formation.

51

More specifically, it most likely occurs during initiation when the small subunit scans and
finds the start codon, releasing initiation factors elF2, erF3 , and eIF4B via GTP cleavage.
Afterwards, the large subunit is allowed to bind the small subunit and commence
elongation. However, if the 60S subunit is functionally flawed, it may not be able to bind
the 40S subunit, and therefore is somehow "marked" for degradation (Figure 20).
Similarly, if the 40S subunit is structurally deficient, it is possible that the large subunit is
not able to bind to the 40S subunit. Therefore, the whole complex may be "marked" for
degradation by the same mechanism. However, the mechanism that marks the rR...'l\,[A for
degradation, as well as the factor or factors involved with degrading the rRNA during this
process are unknown.
The LaRiviere study showed that 18S functional mutations of the DS fractionated
primarily with the 80S ribosome (15). If this is the case, then a different mechanism for
degrading functionally deficient 18S rRNAs may be involved. In the current view, such a
degradation system would be activated after the large subunit bound the small subunit

forming the 80S ribosome. The new aminoacylated-tRNA would try to bind the A site,
but translation would not be possible because the ribosome would be functionally
deficient. Therefore some mechanism would recognize the "stalled" ribosome complex
and "mark" it for degradation (Figure 20). Again, however, the mechanism that
recognizes the stalled complex as well as the factor or factors that carry out the
degradation are unknown . It should also be noted that this process may occur in all other
cases, but degradation occurs so fast that no traces of 80S fractionation are found during
polysome analysis.
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FUTURE WORK
A lot of work must be done before the mechanisms ofNRD are understood. What
I offer here are the first steps towards some understanding of this novel quality control

pathway. The first step is to more efficiently separate the 40S, 60S, and 80S fractions

containing both structural and functional mutations. This will allow a better view of
when and how NRD occurs. The second part should be to determine whether
degradation occurs during rRNA processing of structural mutations. Previous work
showed this is not the case for some functional mutations (16).
Long term goals include determining if degradation during 1\TRD occurs in the

nucleus or cytoplasm. Another goal includes determining the trans-acting factors that are
involved in the degradation pathway. Finally, there should be an experiment devised to
monitor what happens to the mRNA during NRD. This is a difficult task, and learning
what happens to the mRNA during NRD would help the understanding of the pathway

immensely, including determining ifNRD and NGD occur by the same degradation
system.
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